Abstract Barley microspore-derived doubled-haploid embryos have been produced in vitro. The development of embryo desiccation technology will allow longterm storage, germplasm preservation and low delivery cost. Treatment of the microspore-derived embryos was essential to induce desiccation tolerance and to arrest further development and plant regeneration. At the concentrations used, a treatment with trehalose was more efficient than with sucrose, and mannitol was harmful to the embryos. Up to 80% of the desiccated embryos produced complete green plants when transferred to regeneration medium, by the application of a 0.6 m trehalose or a 10 -5 m abscisic acid treatment to the embryos in the culture induction medium. The morphology of these plants was similar to plants produced directly from non-desiccated embryos.
Introduction
Production of doubled-haploid (DH) plants, from F 1 crosses, is one of the breeding methods used to produce homozygous lines and to shorten the selection period for a cultivar. Barley (Hordeum vulgare L.) haploid or DH plants are routinely obtained by the H. bulbosum method (Kasha and Kao 1970) , and by anther and microspore culture (Kasha et al. 1997 ). Nowadays, it is possible to obtain hundreds of well-developed DH embryos, floating on a small volume of liquid medium (3-5 ml), by anther or microspore culture (Cistué et al. 1995 (Cistué et al. , 1998 . The microspore-derived embryos have the advantage of a similar size and a similar physiological stage.
Barley somatic or microspore-derived embryos in culture regenerate to plantlets. Therefore, these embryos cannot be stored in vitro for more than a few days, unless the embryos undergo a maturation process, being dried and arrested for further development. The development of embryo desiccation technology would allow long-term storage or germplasm preservation. Desiccated embryos would have the advantages of easy storage and manipulation and a lower delivery cost when sending to breeders. Furthermore, the high cost of DH seed production in a greenhouse could be reduced with this technology, mainly in the Mediterranean countries, by adjusting the crop cycle to avoid the hot season.
Various treatment methods have been assayed for embryo desiccation. Different carbohydrates have been reported to induce desiccation tolerance. Sucrose has been one of the most widely used carbohydrates. It has been applied to induce desiccation tolerance in zygotic embryos of soybean, green peas and maize (Koster and Leopold 1988) , somatic embryos of alfalfa and carrot (Florin et al. 1993) . Trehalose and mannitol have also been used in carrot (Florin et al. 1993) . Desiccation tolerance may be induced not only by osmotic treatments but also by exogenous application of abscisic acid (ABA). ABA applied to separated embryos inhibited precocious germination, promoting accumulation of storage lipids and proteins, inducing a synchronised maturation that resulted in uniform and high-frequency germination, and conferring desiccation tolerance (Bornman 1993) . Stress treatments such as heat shock or starvation have also been used for inducing desiccation tolerance (for review see Redenbaugh 1993 ).
The desiccated embryos can be stored or encapsulated with artificial products in order to obtain synthetic seeds (Jones 1974) . The main advantage of this technology should be inhibition of premature regeneration of the embryos during storage. Artificial seeds have been used in various crops (Li 1993; Onishi et al. 1994; Timbert et al. 1996; Vandenbussche and De Proft 1998) .
The main objective of this study was to find a treatment for microspore-derived barley embryos which induced desiccation tolerance and allowed the highest rate of conversion to plants.
Materials and methods
The barley cv. Igri has a high rate of microspore divisions and plant production as well as a low albinism rate in anther culture. The methods used to grow donor plants were described by Cistué et al. (1998) . Fifteen anthers treated with 0.7 m mannitol for 4 days (Cistué et al. 1994 ) were transferred to a 3-cm-diameter Petri dish containing 1.5 ml of FHG liquid medium (Hunter 1988 ) and 200 g/l Ficoll 400. After 12-15 days, 1.5 ml of the same medium with 400 g/l Ficoll 400 was added per dish (Cistué et al. 1995) . After 20 days culture, well-developed embryos (with coleoptile, coleorhiza and scutellum) of homogeneous size were transferred to FHG liquid medium with 300 g/l Ficoll 400 (control) and with one of the following compounds: mannitol and sucrose at 0.4 and 0.5 m (experiment 1); trehalose at 0.2, 0.3, 0.4, 0.5, 0.6 m (experiments 1 and 3) and ABA at 10 -3 , 10 -4 , and 10 -5 m (experiment 2). Finally, a comparison was made between trehalose and ABA (experiment 4). Embryos were randomly distributed among all the plates. Ten plates, with ten embryos, were used per treatment. The plates were kept at 24 7C in the dark.
After 7 days of culture in the media described above (treatment), the embryos were washed with distilled water and dried in an oven at 25 7C for 3 days in the dark. Afterwards, they were kept for 15 days at 4 7C. To study the regeneration capacity of the embryos, they were transferred to regeneration medium (Cistué et al. 1994) . One hundred embryos were plated, ten per plate, in regeneration medium. The plates were placed in a growth chamber at 24 7C, 16 h light (500 mmol m -2 s -1 , provided by highpressure metal halide lamps) and 8 h dark, for 15 days.
The number of green plants with leaves and roots was measured in all experiments 20 days after plating embryos on regeneration medium. The values were expressed as percentages, and transformed with arcsin x 1/2 . The following variables were also analysed: number of roots, number of leaves and fresh weight (FW). For these variables, the transformation (xc0.5) 1/2 was used. Statistical analysis was carried out with the General Linear Model procedure of SAS (SAS Institute, Cary, N.C.). For all experiments, treatments in which no complete plants were regenerated were not used in the statistical analysis. The comparisons among media were carried out by the method of Waller and Duncan (1969) .
Results

Influence of type of carbohydrate (experiment 1)
To prepare the embryos for desiccation, they were placed on FHG Ficoll medium without carbohydrate (control) mannitol were unable to produce plantlets after drying and storing for 15 days (Fig. 1) . However, 51 and 46% of the embryos treated with 0.4 and 0.5 m trehalose and 19 and 11% of the embryos treated with 0.4 and 0.5 m sucrose regenerated complete green plants. Significant differences were shown among different treatments for the number of leaves and FW, while there were no significant differences for the number of roots (Table 1 ). The plants produced from embryos treated with trehalose had more leaves and a greater FW than those produced from embryos treated with sucrose, at the concentrations used.
Effect of ABA concentration (experiment 2).
Three different concentrations (10 -3 , 10 -4 and 10 -5 m) of ABA were used to induce desiccation tolerance of embryos. Embryos without treatment were used as the control. Embryos treated with 0.4 m sucrose were used as a second control, since this carbohydrate is much less expensive than trehalose. Significant differences were found among the different concentrations of ABA for the number of complete green plants (Fig. 2) , number of leaves and FW (Table 2) . Similar percentages of plants were produce from embryos treated with 10 -4 or 10 -5 m ABA and 0.4 m sucrose (53, 44 and 57%, respectively). Higher concentrations of ABA inhibited regeneration (Fig. 2) . The best-quality plants were produced with the lowest concentration of ABA, with 
Effect of trehalose concentration (experiment 3)
Concentrations of trehalose from 0.2 to 0.6 m were assayed to identify the optimal concentration for embryo maturation. Embryos treated with 0.2 m trehalose or without treatment were not arrested and underwent regeneration. Figure 3 shows that the conversion rate of the embryos into plants improved as the concentration of trehalose was increased. No significant differ- ences for plant production were found between 0.6 and 0.5 m trehalose with 82% and 77%, respectively. Significant differences for the number of roots and FW were obtained for the different trehalose concentrations (Table 3 ). The highest values were produced with 0.6 and 0.4 m trehalose.
Comparisons between trehalose and ABA (experiment 4)
A 0.6 m trehalose treatment was compared with the best concentration of ABA (10 -5 m). The percentage of green plants produced with trehalose or ABA treatment was similar (around 75%) (Fig. 4) . Plants from the trehalose treatment had the same number of leaves and roots as those in the ABA treatment (Table 4) . Plants regenerated from embryos treated with 0.6 m trehalose were more vigorous (730 mg FW) than plants from embryos treated with ABA 10 -5 m (565 mg FW).
Discussion
From the observed tendency of immature embryos to regenerate in vitro, it has been suggested that the seed environment, rather than the embryo itself, enhances embryo maturation and suppresses germination. Microspore-derived DH embryos do not have an endosperm and the developmental process of embryo maturation must be artificially stimulated by the culture medium. This study assayed the capacity of sucrose as well as trehalose and mannitol to induce desiccation tolerance of barley DH microspore-derived embryos, and found that trehalose was more efficient than sucrose at inducing desiccation tolerance, at the concentrations used. Mannitol was not helpful. Florin et al. (1993) also reported that mannitol was unable to induce desiccation tolerance of carrot somatic embryos, whereas sucrose was better than trehalose. Lai and McKersie (1995) demonstrated that mannitol was worse than sucrose, glucose or fructose for somatic embryos of alfalfa, suggesting that the beneficial effect of sucrose was probably metabolic. A 4-week pulse with 7.5-12.5% mannitol treatment of recalcitrant mango nucellar embryos induced developmental arrest, but the quality of the embryos was affected with 10.0 and 12.5% mannitol (Pliego-Alfaro et al. 1996a ). However, a combination of mannitol and ABA in the maturation medium yielded a high somatic embryo conversion rate in celery (Fujii et al. 1993) .
In this study, 10 -5 m ABA applied in the culture media for 1 week induced desiccation tolerance in barley microspore-derived embryos. These results are similar to those reported by Senaratna et al. (1989) and Lecouteux et al. (1993) with alfalfa somatic embryos. The first authors demonstrated that a concentration of 10 -5 m ABA for 5 days allowed desiccation tolerance of embryos with a conversion rate of 65%. The latter authors obtained the highest somatic embryo quality after 3 days treatment with 2!10 -5 m ABA. A longer treatment reduced the conversion rate. Nucellar embryo development of mango was arrested with a 4-or 8-week pulse with 7!10 -4 m ABA (Pliego-Alfaro et al. 1996a) .
Trehalose was discovered by physiologists as the natural substance responsible for stress tolerance in some plants. This sugar permits certain desert plants to tolerate complete dehydration and then rehydrate naturally (Kidd and Devorak 1994) . It has been shown that in vitro, trehalose protects membranes and enzymes from the effects of drought (Crowe et al. 1984; Müller et al. 1995) . Although trehalase activity has been described in many plants, including wheat and maize (Kendall et al. 1990 ), the concentration of trehalose used in this study avoided embryo regeneration, suggesting that it acts as an osmotic agent. In this study, concentrations of 0.5 or 0.6 m trehalose gave the highest conversion rate. However, the quality of the plants obtained with 0.4 m trehalose was similar to those produced with higher concentrations.
Since the highest conversion rates were obtained with 10 -5 m ABA and 0.6 m trehalose, the two treatments were compared. They produced similar conversion rates (79 and 74%, respectively) and number of roots and leaves on the plants. Nevertheless, the FW of plants produced with the trehalose treatment was significantly higher, due to larger leaves, which may indicate better preparation of barley embryos for desiccation by trehalose.
Although similar results have been produced with ABA and osmotic agents, they probably provide two different physiological signals, as has been suggested for mango (Pliego et al. 1996a ). The optimal treatment to induce desiccation tolerance could depend on several factors such as stage of the embryos (Schultheis et al. 1990; Pliego-Alfaro et al. 1996a,b) or crop (for review see Florin et al. 1993 ), and we think there could also be an influence of the donor plant physiological stage and embryo origin (gametic or somatic).
Differences in green plant production among different batches of plants may occurr even when the donor plants are grown inside growth chambers under similar conditions (Cho 1991) . In this study, the quality of the embryos coming from different batches of plants could explain the different results among the same treatments in various experiments.
Few reports are available on microspore-derived embryo desiccation. ABA treatment has been used and it was only possible to obtain an approximately 50% embryo conversion rate in oilseed rape (Senaratna et al. 1991) and broccoli (Takahata et al. 1993) .
In barley, the only report, with the aim to store embryos to obtain artificial seeds, was with non-desiccated microspore-derived embryos embedded in sodium alginate (Datta and Potrykus 1989) .
The well-developed embryos used in this study have a percentage of regeneration between 95-100% without desiccation. We have shown that it is possible to keep microspore-derived barley dihaploid embryos desiccated, and later to obtain 80% regeneration. Desiccated embryos can be easily stored and transported. It is possible to save costs of manipulation and select the date of regeneration. Furthermore, these embryos, with a capsule, could be used as artificial seed to be sown directly in seed pots.
